In 3 experiments, rats were required to find a submerged platform located in 1 corner of an arena that had 2 long and 2 short sides; they were then trained to find the platform in a new arena that also had 2 long and 2 short sides but a different overall shape. The platform in the new arena was easier to find if it was in a corner that was geometrically equivalent, rather than the mirror image, of the corner where it had previously been located. The final experiment revealed that hippocampal lesions impaired rats' ability to find the platform in these arenas. The results suggest that rats did not use the overall shape of the arena to locate the platform but relied on more local cues and that the hippocampus plays a role in navigation based on these cues.
Several experiments have demonstrated that animals are able to find a hidden goal in an environment with a distinctive shape. For example, in one experiment reported by Hayward, Good, and Pearce (in press ), rats were placed in a rectangular pool of water with a platform hidden below the surface in each of two diametrically opposite corners. On being released into the pool, rats showed a marked preference for swimming directly to these corners rather than to the corners without a platform. It is important to stress that the rectangular pool was surrounded by curtains and its orientation was varied from trial to trial, which made it impossible to identify the location of the platform by reference to cues outside the pool. In addition, the walls were of the same color and brightness, and there were no landmarks within the pool that could be used to differentiate the correct from the incorrect corners. As a consequence, the successful performance of the rats must have depended on them utilizing information provided by the shape of their environment. Other studies that have been said to demonstrate a capacity for navigation with reference to the shape of the environment have used rats (e.g., Cheng, 1986) , birds (e.g., Kelly, Spetch, & Heth, 1998; Tomassi & Vallortigara, 2000) , fish (e.g., Sovrano, Bisazza, & Vallortigara, 2003) , nonhuman primates (Gouteux, Thinus-Blanc, & Vauclair, 2001) , infant humans (e.g., Wang, Hermer, & Spelke, 1999) , and adult humans (e.g., Hermer & Spelke, 1996) . The purpose of the present article is to investigate how animals are able to use information about the shape of the environment to identify the location of a hidden goal.
One possibility is that animals navigate by reference to a global representation of the overall shape of their environment. This possibility has been advocated by both Cheng (1986; see also Cheng & Spetch, 1998) and Gallistel (1990) on the basis of findings reported by Cheng (1986) . Rats were required to find food that was hidden near one corner of a rectangular arena. Even though there was a distinctive landmark in the corner to indicate where the food was located, rats made a number of errors of searching in the other corners of the arena. The most common errors were rotational errors that led rats to search in the corner that was diametrically opposite to the one that was correct. Given these and related findings, both Cheng (1986) and Gallistel (1990) have argued that animals possess a geometric module that is responsible for creating a representation of the shape of the environment. The nature of the representation is revealed by the following quotation concerning Cheng's findings:
The geometric module is one of the clearest cases of the use of configuration. In making the rotational error, the rats were not using elemental information, but only the broad shape of the environment. Shape formed by surfaces and objects is quintessential configural information. It is not the configuration of elements that was used, but a shape abstracted from the elements. In another way of phrasing this, the elemental information has been thrown out, and the rats relied on pure configuration. (Cheng & Spetch, 1998, p. 15) Gallistel (1990) has drawn a similar conclusion, also based on Cheng's (1986) findings, by stating that animals use cognitive maps for navigation that represent "only the (Euclidean) shape of the environment" (p. 220). According to these proposals, therefore, when animals are exposed to an environment with a distinctive shape, they acquire a global representation of the shape in its entirety and use it to identify where a goal is hidden. We refer to this as the global solution.
There are, however, at least two other strategies that could be used to find the platform, neither of which credits the animals with any knowledge of the overall shape of the environment. Consider the case where rats are trained to find the platforms located in two opposite corners, A and C, of a rectangular pool (see Figure 1) . The corners are geometrically equivalent in the sense that both have a short wall to the left of a long wall, and learning to approach a corner so defined would be sufficient to solve the problem. We refer to this as the individual corner solution. A third, and perhaps even simpler solution, would be for the rat to find a long wall and swim to a corner at its left end. We refer to this as the individual wall solution. It is thus possible to explain successful navigation in an arena with a distinctive shape by assuming behavior is under the control of either a global cue or two types of local cue-individual corners or individual walls. To our knowledge, no attempt has been made to distinguish between these different explanations for how animals find a hidden goal in a distinctively shaped environment. A principal aim of the present experiments was therefore to determine whether animals navigate by means of global or local cues when only the shape of the environment can be used to find a goal.
Two groups of rats were trained in Experiment 1A to find a submerged platform that was located in one corner of a rectangular pool. In the following discussion it will be assumed the platform was located in Corner A of the rectangle shown in Figure 1 . On being released into the pool, experienced rats were expected to swim either to Corner A or to the diametrically opposite corner, Corner C, from where they should then swim directly to A. The shape of the pool was changed for the test stage of the experiment by rearranging the four walls into the shape of a kite (see the right-hand panel of Figure 1 ). Corner E in the kite-shaped arena is geometrically equivalent to Corners A and C in the rectangular arena. They are all right-angled, and they all consist of a short side to the left of a long side. Corner G in the kite-shaped arena is the mirror image of Corner E and is thus equivalent to Corners B and D in the rectangular arena.
If the platform during the first stage of training was found by referring to a global representation of the arena, based on its overall shape, then the transformation of the shape of the arena for the second stage of the experiment should render this representation of no value for finding the platform. That is, the lack of correspondence between the representation of the rectangular pool and the kite-shaped pool will make the former irrelevant for guiding the search for the platform in the latter. On being released for the test trials, therefore, subjects should fail to exhibit a preference for any of the four corners in the new arena.
On the other hand, if rats were to use elements of the shape of the pool to find the goal then it is conceivable that there would be some transfer of the effects of training during the first stage to performance in the second stage. Suppose that during their initial training rats paid no regard to the overall shape of the pool but, instead, headed for a corner with a short wall to the left of a long wall. On being placed in the kite-shaped pool they should then head directly for Corner E. A rather different prediction is made if rats identified the position of the platform in the rectangular pool simply by swimming to the left-hand end of a long wall. Their behavior in the kite-shape pool would then be determined by the long wall that they selected. If they chose Wall EF, then swimming to its left-hand end would lead rats to the correct corner, but if they chose Wall FG, then the same response would lead them to the apex of the pool. On this basis, therefore, at the outset of training in the kite-shaped pool rats would be expected to swim on the majority of trials to either Corner E or F, and not to show a preference for one of these corners over the other. They should, however, show a preference for Corner E over Corner G.
An additional, rather different, purpose of the experiments was to examine the effect of hippocampal damage on the ability to find a hidden platform by reference to the shape of the environment. Gallistel (1990) has suggested, as noted earlier, that navigation based on the shape of the environment is governed by a cognitive map. According to O'Keefe and Nadel (1978) , the neural basis of such a representation is provided by the hippocampus. If both proposals are correct, it would then follow that navigation in a rectangular arena, say, would be impaired by damage to the hippocampus (see also Lever, Wills, Cacucci, Burgess, & O'Keefe, 2002 ). This prediction was tested in Experiment 2. In addition, the conclusions drawn from the first experiment, about the way in which animals navigate with reference to the shape of an environment, may be of value for understanding the behavioral effects of hippocampal lesions.
Experiment 1A
The two groups in Experiment 1A were first trained to find a submerged platform that was located in one corner of a rectangular pool of water. To help rats find the platform during the initial sessions, we attached a landmark to it. The presence of this landmark was not expected to overshadow learning about the position of the platform with reference to the shape of the pool (Pearce, Ward-Robinson, Good, Fussell, & Aydin, 2001; Hayward et al., in press; Hayward, McGregor, Good, & Pearce, 2003) . Both groups were then required to find the platform in the kite-shaped pool. For the consistent group, the platform was located in the corner that was equivalent to the one where the platform had been hidden during the first stage of the experiment: If the platform was Figure 1 . Plans of the rectangular and kite-shape pools that were used in the three experiments.
originally at A, it was now at E. For the inconsistent group, it was located in the opposite right-angled corner, G. If rats rely on a global representation of their environment to find the platform during the first stage of the experiment, then this representation will be of little help for finding the platform in the new shape, and both groups, at least initially, should fail to differentiate between the two right-angled corners in the kite-shaped pool. Conversely, if rats identify the position of the platform by reference to the local features of the rectangular pool, then the consistent group should go to the platform corner more often than the inconsistent group.
Method
Subjects. The subjects were 20 male Hooded Lister rats (Rattus norvegicus) supplied by Joint Services of Cardiff University (Cardiff, Wales, U.K.). The rats had previously participated in an appetitive Pavlovian conditioning experiment for which they had been reduced to 80% of their free-feeding weights. They were allowed unrestricted access to food and water for 2 weeks prior to the start of the present experiment and for the duration of the experiment itself. All the rats were housed in pairs, in a room that was illuminated for 14.5 hr each day. The rats were tested 5 days a week, at the same time each day, and at a time when the lights were on in their holding room. At the start of the experiment the rats were randomly assigned in equal numbers to the two groups.
Apparatus. The circular pool was 2 m in diameter and 0.6 m deep. It was white, made from fiberglass, and mounted on a platform 0.6 m above the floor in the middle of a room that was 4.0 m ϫ 3.0 m and 2.3 m high. The pool was filled to a depth of 27 cm with water that was rendered opaque by the addition of 0.5 l of white opacifier E308 (Rohm and Haas, U.K., Ltd., Dewsbury). The water was changed daily, and its temperature was 25°C (Ϯ2°C). A video camera with a wide-angled lens was fixed 1.75 m above the center of the pool. The lens of the camera was situated 25 cm above a 30-cm diameter hole in a white circular ceiling with a diameter of 2 m. The image from the camera was relayed to a monitor and recording equipment. The rats' movements were analyzed using Watermaze software (Morris & Spooner, 1990 ). In the circular ceiling above the pool were eight 45-W spotlights 22.5 cm in diameter that were arranged at equal distances in a circle with a diameter of 1.6 m. The spotlights were illuminated throughout the experiment. The escape platform, which was made from clear Perspex, was 10 cm in diameter and was mounted on a column. The surface of the platform was composed of a series of concentric ridges. The column stood on the floor of the pool, and the platform surface was 2.5 cm below the surface of the water. A landmark could be attached to the platform, 0.5 cm from its edge. The landmark was a black plastic rod with a diameter of 1 cm. A white plastic disc, 3 cm in diameter and 0.5 cm thick, was attached to the top of the rod 23 cm above the surface of the water. A light-blue, 1.5 m high curtain hanging from the ceiling was drawn completely around the pool and fell 25 cm beyond the pool's edge.
The room was additionally illuminated by four, 1.53-m strip lights that were attached end to end in pairs on opposite walls of the room, running parallel to the floor and 75 cm above the floor. There was a sliding door in the center of one of the walls that did not support a strip light. The door was open throughout the experiment and allowed access to an adjacent room where the experimenter remained throughout each trial and where it was possible to observe the experiment on a monitor.
Four white Perspex boards, 0.59 m high and 2 mm thick, were suspended vertically in the pool from bars that extended over the edge of the pool. Two boards were 1.8 m in length and two were 0.9 m. The overlap of the bars that supported the boards at the edge of the pool resulted in the tops of adjacent panels differing by 2 cm. The height of the top of a given panel above the surface of the water thus varied randomly from session to session between either 33 or 35 cm. When they were placed in the pool, the boards were used to form either a rectangular or a kite-shaped arena. The four corners of both arenas were in contact with the wall of the circular pool.
For both arenas, the center of the platform was 25 cm from the appropriate corner on a line that bisected the corner.
Procedure. Rats were transported to the room adjacent to the test room five at a time in light-tight boxes, which were placed on a shelf. All rats received 11 sessions of training in the rectangular pool. There were four trials in each session, and for each trial rats were required to escape from the pool by swimming to the submerged platform. For half of the rats in each group the platform was located in Corner A, as shown in the left-hand panel of Figure 1 , for a randomly selected two trials in each session, and for the other two trials it was located in Corner C. The remaining rats were trained to find the platform in Corners B and D. Rats were released by being lowered gently into the pool facing the center of one of the walls. The sequence of walls from which they were released varied randomly from session to session with the constraint that each wall was used once in every session. Throughout each trial rats were observed on the monitor. If a rat failed to find the platform within 60 s, the experimenter placed a finger approximately 5 cm in front of the rat's nose and guided it to the platform. Rats were allowed to remain on the platform for 30 s before they were removed from the pool. After a trial, the rats were dried gently and returned to the light-tight box where they waited until the other 4 rats had received a single trial in the pool. This cycle was repeated until all rats had received four trials. After the 5 rats had each received a single trial, the rectangular arena was rotated either clockwise or anticlockwise. The rectangle was always oriented along a north-south or east-west axis, where north for the sake of the experiment was defined as the middle of the entrance to the room. The sequence of rotations was varied randomly from session to session, and the rectangle could be moved through more than 90°in one rotation.
A record was taken on every trial of which corner a rat entered first after being released into the pool. For the purposes of this measurement, an entry into a corner was deemed to have taken place when the rat's snout entered an area defined by an imaginary circle with a radius of 40 cm and with its center at the point where the walls creating the corner met. In addition, for each trial the time taken for a rat to climb onto the platform after it had been released was measured by means of a stop watch.
The three test sessions of the experiment took place in the kite-shaped pool. For rats in the consistent group the platform was located in the right-angled corner that was equivalent to the corners where the platform had been located during the training trials. Thus, if rats were trained to find the platform in Corners A and C of the rectangle in Figure 1 , then the platform was located in Corner E of the kite-shaped arena. For the rats in the inconsistent group the platform was located in the right-angled corner that was opposite to the one that was equivalent to the correct corners during training. For this group, therefore, if the platform had been located in Corners A and C in the rectangle, then it was located in Corner G in the kite-shaped arena. The remaining details of the training were the same as for the previous phase of the experiment. The time taken to reach the platform was recorded for all rats on every trial. A record was taken of which right-angled corner they selected first after being released into the pool, and a record was also taken of which corner rats entered first after being released. The method for determining whether a corner had been entered was the same as for the previous stage.
Results and Discussion
A Type I error of p Ͻ .05 was adopted throughout this report. A correct corner in the rectangular pool was defined as the one containing the platform or the diametrically opposite corner. An incorrect corner was defined as the remaining two corners. For the kite-shape arena, the correct corner was defined as the one containing the platform, the incorrect corner was defined as the opposite, right-angled corner, and the remaining corners are referred to as the apex and the obtuse-angled corner. To avoid unnecessary repetition, we do not report the latencies to find the platform because they point to essentially the same conclusions as the choice measure.
There was very little difference between the groups during the training stage of the experiment. The mean percentages of trials on which subjects swam directly to a correct corner in the final training session were 90 for the consistent group and 97 for the inconsistent group. This difference between the groups was not significant, Mann-Whitney U(10, 10) ϭ 36. In fact, all rats in each group swam to a correct corner without first visiting an incorrect corner on more than half the trials in the final session of training. A binomial test confirmed on the basis of this performance that both groups had acquired a significant preference of swimming directly to a correct corner ( ps Ͻ .01).
To confirm that rats were unable to detect some feature of the platform that allowed them to identify where it was located, we recorded in the final two training sessions the number of occasions on which they swam directly to the platform and to the diametrically opposite corner. If rats could detect where the platform was hidden, then they should show a preference for the corner with the platform over the diagonally opposite corner, but no such preference was observed. Taking the results from the two groups together, the corner containing the platform was approached first on 44% of the trials in the two sessions, and the diametrically opposite corner was approached on 47% of the trials. This difference was not statistically significant, Wilcoxon T(14) ϭ 43.
To examine the degree to which the discrimination between the correct and incorrect corners of the rectangular arena transferred to the kite-shaped arena, we recorded on each trial in the kite-shaped arena whether a subject entered the corner with the platform without first visiting the incorrect corner. The mean percentages of trials on which these responses were made by the two groups are shown for the three test sessions in the left-hand panel of Figure 2 . The consistent group entered the correct corner (the one with the platform) without previously entering the incorrect corner on a considerably greater percentage of trials than the inconsistent group. We compared the performance of the two groups by calculating the total number of trials on which individual rats swam to the correct corner without first entering the incorrect corner. Analysis of these scores revealed a significantly stronger preference for the correct over the incorrect corner by the consistent than the inconsistent group, U(10, 10) ϭ 1. These results demonstrate that the effects of training in the rectangular pool transferred to the kite-shaped pool. From the outset of the test stage, rats showed a strong preference for swimming to the right-angled corner that was geometrically equivalent to the corner where the platform had been located in the previous stage. This preference resulted in the consistent group swimming to the corner where the platform was located, without visiting the opposite right-angled corner, whereas it led the inconsistent group to head first to the right-angled corner without the platform before swimming to the corner with the platform. The implication of these results is that during the first stage of training rats referred to a component of the rectangular arena to identify the correct corner and then relied on the same component in the test phase. In contrast, the results are not so easy to explain if it is assumed that locating the platform during the training stage depends on the acquisition of a global representation of the environment. Rearranging the walls of the arena for the test stage should mean that the original representation no longer corresponds to the shape of the test arena and rats should not exhibit a preference for one right-angled corner over the other.
As a step toward identifying the type of local information that was used to find the platform in the rectangular pool, the results from the test stage with the consistent group were examined in terms of which corner was approached first after rats had been released into the pool. These results are shown in the right-hand panel of Figure 2 . The performance of the inconsistent group was not examined in this way because its treatment in the second stage was expected to interfere with any strategies that might have been acquired in the first stage. One important feature of the results shown in the right-hand panel of Figure 2 is that on being released into the arena, rats showed a preference for swimming to the correct rather than the incorrect right-angled corner throughout the test phase. A comparison of individual number of trials, for the three sessions combined, on which each subject swam directly to a particular corner revealed a significant preference for the correct over the incorrect corner, T(10) ϭ 7.
A further important feature of the results shown in the righthand panel of Figure 2 is that there was a strong tendency to swim to the apex of the arena. This finding is of some interest because it would not be expected if rats in the first stage of the experiment adopted the individual corner strategy of swimming to a corner defined by the spatial relationship between a long and short wall. For the three sessions combined, the apex was visited first significantly more frequently than either the incorrect corner or the obtuse-angled corner, Ts(10) Ͻ 3. The number of occasions on which rats swam directly to the apex or the correct corner was not significantly different, T(8) ϭ 12. As training progressed, however, there was an increase in the number of trials on which rats swam directly to the correct corner, relative to the number of occasions on which they swam directly to the apex.
Given this pattern of results from the test trials with the consistent group, it is tempting to speculate that during the training stage rats, on being released, selected a long wall at random and then swam in a certain direction toward a corner at one of its ends. This direction would be determined by their training in the rectangular pool and would lead the rat either to the correct corner (if the wall adjacent to the correct corner was selected) or to the apex (if the opposite wall was selected). If it is further assumed that on reaching the apex, the subject headed for one of the right-angled corners that were selected randomly, then the consistent group would swim to the correct corner, without making contact with the incorrect corner, on about 75% of the trials. The results in the left-hand panel of Figure 2 show that this was the case. Conversely, if the inconsistent group were to adopt the same strategy in the test phase, it would make contact with the corner containing the platform without first making contact with the incorrect corner on about 25% of the trials. Once again, this prediction is consistent with the results shown in the left-hand panel of Figure 2 , at least for the first session of the test stage.
The results from the test stage were also examined in terms of the wall from which the rats were released. If the foregoing analysis is correct, then on being released from the middle of the long wall with the correct corner at one end, rats might be expected to swim along this wall to that corner rather than the apex. In fact, the correct corner was approached on 40% of these trials and the apex 53%. It would, however, be a mistake to place too much significance on these findings, because informal observations revealed that rats did not necessarily navigate along the wall from which they were released. The frequent visits to the apex that were recorded on these trials might therefore have occurred because rats swam toward the opposite long wall before heading for the apex.
Experiment 1B
The reason for conducting the second experiment was to determine the generality of the principal finding from Experiment 1A. The design was the same as for Experiment 1A, except that the kite-shaped arena was used for the training stage and the rectangular arena was used for the test phase.
Method
Subjects and apparatus. The 20 rats were from the same stock, housed in the same manner, and of similar experience to the rats used for Experiment 1A. The apparatus was also the same as for Experiment 1A.
Procedure. For the first 13 sessions of the experiment the two groups were trained to escape from the kite-shape pool by swimming to the submerged platform. Half of the rats in each group were trained with the platform in one right-angled corner of the pool, and for the other half the platform was in the opposite right-angled corner. Both groups then received three test sessions in which they were required to escape from the rectangular pool by swimming to a platform that was located in one corner. This corner was geometrically equivalent to the corner where the platform had previously been located for the consistent group, and the mirror image of the previously correct corner for the inconsistent group. Procedural details that have been omitted, including the manner in which the correct and incorrect corners were defined, were the same as for Experiment 1, except that the landmark was not attached to the platform in any session of the experiment.
Results and Discussion
The performance of both groups was very similar during the training stage of the experiment. The mean percentage of trials during the final two training sessions on which subjects swam to the correct corner without first swimming to the incorrect corner was 72 for the consistent group and 80 for the inconsistent group. This difference was not statistically significant, U(10, 10) ϭ 42.
The left-hand panel of Figure 3 shows the mean percentages of trials on which the two groups swam directly to each of the four corners in the final two sessions of training in the kite-shaped pool. There were no reliable differences between the groups in the frequency with which they approached each of the different corners, Us(10, 10) Ͼ 41. Moreover, on being released, each group approached the correct corner significantly more often than any other corner, Ts(10) Ͻ 3. The apparent preference for the apex over the incorrect corner was not statistically significant for either the consistent, T(8) ϭ 7, or the inconsistent, T(9) ϭ 8, group, but both the consistent, T(10) ϭ 3, and the inconsistent, T(7) ϭ 2, groups swam directly to the apex significantly more often than to the obtuse-angled corner. The principal conclusion to be drawn from these findings is that each group acquired a strong preference for swimming directly to the correct corner of the kite-shaped arena by the end of the training stage.
The right-hand panel of Figure 3 shows the mean percentage of correct choices, without first making an incorrect choice, for the consistent and inconsistent group for each of the three test sessions in the rectangular pool. In keeping with the results from the previous experiment, the consistent group swam directly to a correct corner on a greater number of trials than the inconsistent group. A similar analysis to that conducted for the previous experiment indicated that this difference between the groups was significant, U(10, 10) ϭ 0.
The results from the test stage demonstrate that being trained to find the platform in a right-angled corner of the kite-shaped pool had a clear effect on performance during the test trials in the rectangular pool. The findings from the present experiment replicate therefore the results from the previous one, and they again point to the conclusion that rats use local information when navigating in an arena with a distinctive shape. This conclusion appears to be true when rats are trained initially in either a rectangular or a kite-shaped arena. There remains the problem of identifying the local feature, or features, responsible for mediating the transfer between the kite-shaped pool and the rectangle. As a step toward resolving this problem, we recorded the number of occasions on which rats from both groups swam directly to the correct corner after being released from either a short or a long wall for the final two training sessions and the first test session. When the point of release during training was the short wall, the two groups headed directly for the correct corner on 85% of the trials, but when the point of release was the long wall, then this value was 36%. This difference was statistically significant, T(20) ϭ 8. These findings make it unlikely that subjects found the platform in the kite-shaped pool by relying on the individual corner strategy that was identified in the introduction. If this had been the case, then the frequency with which they swam to the correct corner should not have been affected by the wall from which they were released.
An alternative explanation for the rats' ability to find the correct corner is that they acquired the habit of swimming in a particular direction toward the correct right-angled corner when they were released from a short wall. If this habit were to be performed in the rectangular pool, then it might account for at least some of the difference between the results for the two groups. To explore this possibility, we examined the performance of the two groups combined for the two trials on which they were released from a short wall in the first test session. If a rat swam to a corner that was geometrically equivalent to the corner that had been correct in the kite-shaped pool and that was adjacent to the point of release, it was referred to as the adjacent-correct (AC) corner. Likewise, the other corners were referred to as opposite-correct (OC), adjacentincorrect (AI), and opposite-incorrect (OI). Rats headed directly for the AC corner on 60% of the trials, for the OC corner on 15%, for the AI corner on 20%, and for the OI corner on 5%. A chi-square test revealed that the selection of these corners was significantly different from that expected on the basis of chance, 2 (3, N ϭ 40) ϭ 13.8. Thus in keeping with their previous behavior, rats showed a clear preference for turning in a particular direction when they were released from a short wall. This habit would take the consistent group toward the correct corner and the inconsistent group away from it.
A similar analysis for the results from the trials when rats were released from a long wall revealed the following results. The AC corner was approached first on 35% of the trials, the OC corner on 40%, the AI corner on 17.5%, and the OI corner on 7.5%. These differences were also significant, 2 (3, N ϭ 40) ϭ 12.0. Thus on these trials, rats preferred to swim directly to one of the two corners that were equivalent to the previously correct corner, but they did not express a preference for one of these corners over the other one. The habit that was acquired in response to release from a short wall does not therefore appear to have influenced performance on trials when the point of release was a long wall. Accordingly, some other explanation must be sought for the clear preference of swimming to corners that were equivalent with the previously correct corner. One possibility is that rats headed for a short wall, where they then responded with the same habit that they performed when they were released from that wall. Another possibility is that they relied on the individual corner strategy. The lack of any evidence to corroborate these proposals means they must be regarded as speculative. Nonetheless, the overall pattern of results from this experiment is in keeping with the conclusion that navigation in an arena is controlled by local features.
Experiment 2
Relatively few experiments have examined spatial behavior when animals are required to find a hidden goal by reference to the shape of their environment, so that rather little is known about the factors that might affect performance in this type of task. As a step toward identifying these factors, the present experiment introduced an additional feature to the training environment that was expected to facilitate escape from it. During the first stage, a group of rats was trained in the same rectangular arena with four white walls that was used for the previous experiments. Rats were expected to escape from the pool by using either the individual wall or the individual corner strategy. In an attempt to improve performance for a second group, the two long walls were made black while the short walls remained white. If escape from the pool depends on making a response to a long wall, then it is important to be able to tell the difference between a long and a short wall. Presumably this discrimination will be easier if the walls are of different rather than the same brightness. Alternatively, if escape from the pool depends on identifying the correct corner by its local geometric properties, using long black walls will make it easier to distinguish between correct and incorrect corners. Not only will it now be possible to identify the correct corner by the spatial relationship between walls that differ in brightness, as well as length, but there will also be a physical cue created by the boundary where the black and white walls meet to aid the identification of the correct corner.
It should be noted that changing the long walls to black rather than white does not provide a cue that will allow the corner containing the platform to be discriminated from the diagonally opposite corner. In other words, the manipulation does not make it possible for rats to adopt a new strategy for finding the platform. Rather, making the long walls of a different brightness to the short walls should facilitate the ease of use of the same strategies that can be adopted in a pool with walls of uniform brightness.
Another, rather different purpose of the experiment was to examine the effects of hippocampal damage on navigation in a rectangular arena. As noted in the introduction, Gallistel (1990) maintained that navigation in this environment is guided by a cognitive map, and O'Keefe and Nadel (1978) proposed that the neural basis of such a map resides within the hippocampus (see also Lever et al., 2002) . These arguments imply that damage to the hippocampus would be expected to disrupt escape from a rectangular pool. To test this prediction, the two groups that have just been described served as controls against which the effects of the hippocampal lesions could be assessed, and they received sham lesions before the start of the experiment. Two additional groups were trained in the same way as the sham-operated groups, except that they received hippocampal lesions before the start of the experiment. The sham-operated group trained in the arena with entirely white (W) walls is referred to as sham-W, and the equivalent group trained in the arena with black (B) and white walls is referred to as sham-BW. The remaining two groups are referred to as hippocampal-W and hippocampal-BW. To gain a detailed appreciation of the effect of hippocampal lesions on escape from an environment with a distinctive shape, we conducted a second stage of the experiment. All four groups were trained to escape from a kite-shaped pool by swimming to the corner that was geometrically equivalent with the corner that had been correct in the rectangular pool.
Method
Subjects and apparatus. Forty-four experimentally naive rats from the same stock and housed in the same conditions as for the previous experiments were used. Prior to surgery they weighed between 310 and 345 g. The apparatus was the same as for Experiment 1, except that two additional walls were used. They were black and their dimensions were the same as for the long white walls. At the start of the experiment there were 11 rats in each hippocampal group and 11 in each sham group. During the first stage of the experiment 1 rat in the hippocampal-W group became ill and was excluded from the experiment.
Procedure. Each rat was deeply anesthetized using a mixture of isoflurane and oxygen and was then placed into a stereotaxic frame (Kopf Instruments, Tujunga, CA). Anesthetic was reduced to a maintenance concentration, and an incision was made along the midline of the scalp. The bone overlying the neocortex was removed using a dental burr. Injections were made with a 2-l Hamilton syringe that was mounted on the stereotaxic frame. The plunger of the Hamilton syringe was attached to an electronic microdrive (Model KDS 310, KD Scientific, New Hope, PA) that regulated the volume and rate of infusion of neurotoxin. Ibotenic acid (Biosearch Technologies, San Rafael, CA) was dissolved in phosphatebuffered saline (pH 7.4) to produce a 63-mM solution. The ibotenic acid (0.05-0.10 l) was infused at a rate of 0.03 l/min at 28 sites (for stereotaxic coordinates of the injection sites, see Coutureau, Galani, Gosselin, Majchrzak, & Di Scala, 1999) . Following each infusion the Hamilton syringe was left in place for 2 min to allow diffusion of the solution into the tissue. Rats in the sham-operated control group underwent a similar surgical procedure in which the skin was incised, the neocortex exposed, and the dura perforated using a standard needle, but no injection was given. The wounds of both hippocampal and sham-operated rats were sutured at the end of the procedure, and the rats were allowed to recover from the anesthetic in a box maintained at 40°C. Because hippocampal rats were more likely to have suffered dehydration than were sham-operated rats because of the length of the procedure, they were injected postoperatively with a subcuticular 10-ml saline and glucose solution. Once the rats had recovered sufficiently, they were transferred back to their home cages. A minimum of 14 days postoperative recovery were allowed before training began.
Preliminary studies revealed that rats with hippocampal damage will tend to circle around the edge of a rectangular pool. To forestall this strategy, all groups received three sessions of training in the circular pool, with the curtains drawn around it, and with the landmark attached to the platform. The platform was located at least 25 cm from the edge of the pool, and for each of four trials in each session it was located in a different quadrant of the pool. The rats were released from randomly selected locations at the side of the pool.
The four groups then received 14 sessions of training in the rectangular pool, with the landmark attached to the platform for the first 4 of these sessions. The hippocampal-W and the sham-W groups were trained in a pool with four white walls, whereas the hippocampal-BW and the sham-BW groups were trained in a pool with white short walls and black long walls. In the final session of this stage there were three training trials followed by a test trial for which rats were allowed to swim in the pool for 60 s in the absence of the platform. The paths taken by the rats during this trial were recorded for analysis. The remaining procedural details that have been omitted were the same as for Experiment 1A. For the final 8 sessions of the experiment the four groups were trained in the kite-shaped pool. All the walls of the pool were white for the hippocampal-W and sham-W groups, but for the remaining two groups the long walls were black and the short walls were white. Details concerning the method of training were the same as for the first stage of Experiment 1B, except that the final trial of the final session consisted of a test similar to the one conducted at the end of the previous stage. Because the results from the two 60-s test trials were similar to the other measures of performance, their findings are not considered. Throughout the second stage of the experiment, a record was taken of which of the four corners of the kite-shaped arena a rat entered first. Figure 4 shows reconstructions of the maximum (light shading) and minimum (dark shading) extent of the hippocampal lesions on a series of horizontal sections taken at various distances in mm (top to bottom: -3.1, -3.6, -4.6, -5.6, -6.6, -7.6, -8.4) ventral to the surface of the brain. All of the rats with hippocampal lesions sustained bilateral damage to both the dentate gyrus and the Cornu Ammonis fields at all dorsal and ventral levels. The range of cell loss in the hippocampus was 70%-100%. One rat had minor damage to the temporal association cortex and ectorhinal cortex. This rat's performance was indistinguishable from the remaining lesioned rats and was therefore not excluded from the analysis. Another rat had major damage to the temporal cortex and was dropped from the experiment, which resulted in the hippocampal-BW group containing 10 rats. The majority of rats also sustained cell loss in the subicular region (including the preand parasubiculum) and was most evident in the ventral regions of this area. However, there was no detectable cell loss in the medial or lateral entorhinal cortex in any of the lesioned rats.
Results and Discussion
For the initial training with the landmark attached to the platform the escape latencies provide a more informative indication of performance than the choice measure because, except for the initial sessions, subjects generally swam directly to the landmark. The left half of Figure 5 shows for the training in the circular pool that at first the escape latencies were considerably longer for the hipocampal than the other two groups, but by the third session this difference had disappeared. A three-way analysis of variance (ANOVA) of individual mean escape latencies for each of the three sessions revealed a significant effect of lesion, F(1, 38) ϭ 31.78; of session, F(2, 76) ϭ 186.94; and a significant interaction between these variables, F(2, 76) ϭ 12.27. The effect of training context in the subsequent stages, F(1, 38) ϭ 1.62, and the remaining interactions were not significant: Training Context ϫ Lesion, F Ͻ 1; Training Context ϫ Session, F(2, 76) ϭ 2.26; and Training Context ϫ Lesion ϫ Session, F Ͻ 1.
The right half of Figure 5 shows that during the four sessions of training in the rectangular pool with the landmark attached to the platform, the mean escape latencies were initially longer for the groups trained in the pool with the black and white walls than the pool with the white walls. Presumably, this difference was a consequence of the black landmark being more distinctive when it was viewed against walls that were all white. A similar ANOVA to the previous one revealed a significant effect of training context, F(1, 38) ϭ 43.14; of lesion, F(1, 38) ϭ 10.39; and of session, F(3, 114) ϭ 17.10. The interactions of Context ϫ Lesion, F(1, 38) ϭ 3.37; Context ϫ Session, F(3, 114) ϭ 4.58; and Lesion ϫ Session, F(3, 114) ϭ 4.64, were significant, but the three-way interaction was not significant, F Ͻ 1. The results from the final session of each of the stages of training with the landmark attached to the platform demonstrate that this method of training was effective at encouraging rats to move away from the side of the pool.
Rectangular pool. In keeping with the previous experiments, we compared the performance of the groups by examining their ability to discriminate between the correct and incorrect corners. This comparison was again based on the individual mean percentages of trials on which rats approached a correct corner without first approaching an incorrect corner. The left-hand panel of Figure  6 shows these results for each session of training in the rectangular pool without the landmark attached to the platform. The first point to note is that performance in the rectangular arena by shamoperated rats was inferior when the four walls were white than when the short walls were white and the long walls were black. An analysis of the total number of trials on which each rat swam to the correct corner without first visiting the incorrect corner revealed a significant difference between the groups, U(10, 10) ϭ 1.5. These findings are consistent with the predictions based on the assumption that rats navigate by means of local cues in an environment with a distinctive shape, and that it will be easier to use these cues when the long and short walls are of different brightness.
The next point to note is that performance in the rectangular arena with four white walls was adversely affected by the hippocampal lesions. Apart from Session 1, the performance by the sham-W group was superior to the hippocampal-W group throughout the first stage of the experiment. A similar analysis to that just described revealed a significant difference between the groups, U(10, 10) ϭ 3. Experiment 1A revealed that rats used the local features of a rectangular arena with white walls to identify where the platform was hidden. The implication of the results from the hippocampal-W group, therefore, is that damage to the hippocam- Figure 6 . The mean percentage of trials on which the four groups during the first stage of Experiment 2 in the rectangular arena (left-hand panel) and the second stage in the kite-shape arena (right-hand panel) entered a correct corner without previously entering an incorrect corner. Hippocampal BW ϭ the hippocampal group trained in the arena with black and white walls; Sham BW ϭ the sham-operated group trained in the arena with black and white walls; Hippocampal W ϭ the hippocampal group trained in the arena with entirely white walls; Sham W ϭ the sham-operated group trained in the arena with entirely white walls. pus impairs the ability of rats to use local information to find a hidden goal. If the effect of these lesions was solely to disrupt the capacity to acquire a global representation of the environment, such as a cognitive map, then the hippocampal-W group should have been able to discriminate between the correct and incorrect corners on the basis of local cues.
A more mundane explanation for the difference between the results of the hippocampal-W and sham-W groups is that the lesions had some relatively nonspecific deficit on performance. They may, for example, have resulted in rats adopting a stereotyped pattern of responding that interfered with escape from the pool, or they might have produced a general impairment of learning that would be evident in any type of task. Fortunately, the results from the two groups trained in the pool with black and white walls allow this explanation to be rejected. Inspection of the left-hand panel of Figure 6 shows that the performance of the hippocampal-BW group was similar to that of the sham-W group throughout the first stage of the experiment. A comparison of individual total trials on which rats swam to a correct corner without first entering an incorrect corner confirmed this observation by revealing a nonsignificant difference between the groups, U(10, 10) ϭ 41. Thus when long walls were black and the short walls were white, rats with hippocampal lesions were quite able to meet the demands of the task that confronted them, which makes it difficult to argue that the lesions produced a nonspecific deficit.
The final finding that merits comment in this section is that as soon as the landmark was removed from the platform in the first stage of the experiment, the two groups trained in the black and white pool swam consistently to a correct corner. The implication of this finding is that the black and white walls provided a salient cue for discriminating between the correct and incorrect corners, and that the development of this discrimination was unaffected by the presence of a landmark over the platform (see Pearce et al., 2001) .
Kite-shaped arena. The results in the right-hand panel of Figure 6 show the equivalent results to those presented in the left-hand panel for the eight sessions of training in the kite-shaped pool. The hippocampal lesions disrupted escape from the kiteshaped pool with white walls and with black and white walls. In support of these observations, a comparison of the total number of trials on which a rat swam directly to a correct corner, without first visiting an incorrect corner, revealed a significant difference between the hippocampal-W group and either the sham-W group, U(10, 11) ϭ 10, or the hippocampal-BW group, U(10, 10) ϭ 6. In contrast to the analysis of the findings from the rectangular pool, there was also a significant difference between the results for the hippocampal-BW and the sham-BW groups, U(10, 11) ϭ 22.
Given the conclusion from Experiments 1A and 1B that navigation in a kite-shaped arena is guided by local cues, the findings from the hippocampal-W group might be said to imply that damage to the hippocampus impairs the capacity to navigate by means of such cues. However, because the performance of both groups with hippocampal lesions was impaired relative to the shamoperated groups, the prospect is again raised that the lesions had a more general, nonspecific influence on behavior. It is noteworthy, however, that by the end of the experiment there was no difference between the results from the hippocampal-BW and the sham-BW groups. This finding makes it difficult to argue that the difference between the hippocampal-W and sham-W groups at the equivalent stage of the experiment was a consequence of the hippocampal lesions having some general influence on learning or performance. Instead, it is more likely that the lesions disrupted the ability to identify where the platform could be found by reference to a local feature. We turn now to consider what this local feature might be.
The upper left-hand panel in Figure 7 shows the mean percentage of trials in each session that the sham-W group entered first each of the four corners of the kite-shape arena. Overall, these results are very similar to the equivalent findings from Experiment 1A shown in the right-hand panel of Figure 2 . Throughout the second stage of the experiment, the group expressed a stronger preference for swimming directly to the correct than the incorrect corner after being released. An analysis of individual percentages of trials on which rats swam to each of these corners for the eight sessions combined revealed a significant difference, T(10) ϭ 0. In addition, there was no difference between the percentages of trials on which rats went either to the correct corner or to the apex of the arena, T(11) ϭ 30. According to the analysis offered in Experiment 1A, this equal preference for the apex and the correct corner implies that to find the platform rats oriented themselves with respect to one of the long walls and then swam in a direction that led them either to the correct corner or the apex. Although a more efficient strategy for finding the platform would have been to identify the correct corner by reference to its local geometric properties, it does not appear to have been used in this stage of the experiment.
The upper right-hand panel of Figure 7 shows the equivalent results for the hippocampal-W group. There was no indication that rats preferred the correct over the incorrect corner, T(7) ϭ 13, which implies that this group was unable to adopt the strategy used by the sham-W group. It would therefore appear that the effect of the hippocampal lesions on rats trained in the white arena was to prevent them from using a local cue to orient themselves. One possibility is that rats with hippocampal lesions are unable to discriminate between the long and the short walls when they are of the same brightness.
The results for the sham-BW group can be seen in the lower left-hand panel of Figure 7 . Throughout the test phase this group showed a marked preference for swimming directly to the correct rather than the incorrect corner T(11) ϭ 0. At first, the group swam equally often to the apex and the correct corner, but as training progressed the number of trials on which rats swam directly to the apex decreased while the number to the correct corner increased. Overall, this group exhibited a significant preference for swimming directly to the correct corner rather than to the apex, T(11) ϭ 3. The implication of these findings is that at first rats oriented themselves with reference to a particular wall, and then swam in a certain direction toward a corner. Although this strategy would be effective in the rectangular pool, it would lead to rats heading directly for the correct corner on approximately half the trials in the kite-shaped pool. The fact that the percentage of trials on which the sham-BW group swam directly to the correct corner increased gradually as training in the kite-shape pool progressed implies that this group gradually acquired another strategy for finding the platform. One possibility is that the correct corner was identified by the spatial relationship between the walls that created it. In view of the results from the sham-W group, it is unlikely that the spatial relationship was based on the relative lengths of the two walls. Instead, it would be based on their relative brightness. To be more specific, the sham-BW group may have identified the correct corner as the one where "the black wall is to the left of the white wall" rather than where "the long wall is to the left of the short wall."
Finally, the lower right-hand panel of Figure 7 shows the result from the hippocampal-BW group. This group had a marked preference for swimming directly to the correct rather than the incorrect corner, T(10) ϭ 0, but there was no evidence that the correct corner was consistently preferred as the first port of call over the apex, T(10) ϭ 12. These results suggest that rats with damage to the hippocampus are able to orient toward a wall, when it can be identified by its brightness, and to associate an appropriate response with this cue so that they can head in a particular direction. The development of this strategy would also explain the accurate performance of the hippocampal-BW group in the rectangular pool.
General Discussion
The first two experiments show that once rats have been trained to find a hidden goal in one corner of a four-sided arena, then when they are placed in a different arena they will focus their search for the goal on the geometrically equivalent corner. We have argued that this result shows animals find the hidden goal by navigating with reference to local features of their environment. The final experiment demonstrated that damage to the hippocampus impaired the ability of rats to find a hidden goal in each of the environments used in the first two experiments. We have argued this result shows that the hippocampus is responsible for processing local information about the environment.
One possible explanation for our results, which has hitherto been ignored, is that when rats are trained to find a hidden goal with reference to the shape of their environment, then they rely on local as well as global cues. Both types of cue could be used to identify the location of a goal in a particular environment, but only the local cues would be responsible for any transfer of behavior from one environment to another. We are unable to reject this explanation on the basis of experimental evidence, but it can be challenged on the basis of Occam's razor, which stipulates that a complex explanation for a set of results can be entertained only after simpler explanations have proved to be inadequate. The Figure 7 . The mean percentage of trials on which each of the four groups of Experiment 2 entered first each of the four corners of the kite-shaped arena. Sham-W ϭ the sham-operated group trained in the arena with entirely white walls; Hippocampal-W ϭ the hippocampal group trained in the arena with entirely white walls; Sham-BW ϭ the sham-operated group trained in the arena with black and white walls; Hippocampal-BW ϭ the hippocampal group trained in the arena with black and white walls.
results from Experiments 1A and 1B can be quite adequately explained by assuming rats navigate with reference to local cues and there is, therefore, no good justification for assuming they also used a global representation of their environment to escape from the pool.
At first glance, the results from the groups with hippocampal lesions in Experiment 2 might be taken as evidence of navigation being under the control of a global cue. O' Keefe and Nadel (1978) proposed that the hippocampus provides the neural basis of a cognitive map, and the poorer performance of the hippocampal-W than the sham-W group in the rectangular arena appears to be consistent with this idea. That is, the sham-W group may have performed well because it was able to use both global and local cues to find the platform, whereas the hippocampal-W group may have performed poorly because it could rely on only local cues. The results from the second stage of the experiment, however, pose a challenge to this explanation. The upper left-hand panel of Figure 7 shows that at the start of training in the kite-shape arena, the sham-W group expressed a strong preference for the correct rather than the incorrect corner, which must be attributed to the influence of control by a local cue over searching for the platform. If the hippocampal lesions did not affect the capacity to navigate with reference to local cues, then the hippocampal-W group should also have exhibited a preference for the correct over the incorrect corner at the outset of the second stage. It is evident from Figure 7 that this was not the case. Accordingly, the results from this experiment do not permit the conclusion that rats navigate by means of both global and local cues. Instead, they are again consistent with the claim that rats rely on local cues when searching for a hidden goal by reference to the shape of the environment. Moreover, damage to the hippocampus appears to affect the ease with which these local cues can be used.
Once it is acknowledged that searching for a hidden goal is under the control of local cues, then it becomes important to identify them. A cue that might be used for navigational purposes is one of the walls of the arena, and another cue might be the local geometric properties of the corner where the platform is located. Both of these possibilities have already been considered in some detail, and there is little to be gained by repeating the discussion about them here. One point that may merit emphasis is that the experiments were not intended to provide a clear indication of whether a particular local cue was used to guide animals to the platform. As a consequence, the conclusions that can be drawn about the likelihood of these different cues being used in the manner suggested must be regarded as speculative. Further experiments are needed if clear conclusions are to be drawn about the relative importance of these different cues.
One way in which a local cue, such as a wall of particular length, might control behavior is through a stimulus-response habit. The sight of the wall, for example, could elicit a response of swimming in a particular direction with reference to it and at a particular distance from it. This response would then persist until a corner was reached and the platform, as if by accident, was encountered. In other words, spatial behavior in a four-sided pool may be more in keeping with the stimulus-response manner envisaged by Hull (1932) , or the taxon strategies described by O' Keefe and Nadel (1978) , than the purposive manner envisaged by Tolman (1948) . Such a conclusion holds important implications for the results from studies that have shown that the presence of a landmark at or near a hidden goal does not overshadow or block spatial learning based on the shape of the arena in which the goal is located (e.g., Hayward et al., 2003; Pearce et al., 2001) . Theoretically, such cue competition effects are normally expected to occur when stimuli are in competition with each other as signals for a particular outcome (e.g., Rescorla & Wagner, 1972) . But if local features of the arena serve as stimuli-eliciting responses, rather than as cues associated with an outcome, then there is no theoretical reason to expect that the shape of an arena will compete with landmarks for the control over behavior.
The results from Experiment 2 have implications for theories of hippocampal function. Consider, first, the proposal by O' Keefe and Nadel (1978) that the hippocampus provides the neural basis for cognitive maps. A possible implication of this proposal is that when animals must navigate by reference to the shape of the environment, then a representation of this shape in its entirety will be formed as a cognitive map in the hippocampus. Damage to the hippocampus would then be predicted to disrupt navigation based on global rather than local cues. We have argued that the results revealed the opposite outcome, which suggests that the theory of O'Keefe and Nadel may not be appropriate for interpreting the outcome of Experiment 2. As an obvious alternative, the hippocampal lesions may have been effective because they disrupted the ability to use local, rather than global, spatial information. For example, Aggleton and Pearce (2002; see also Gaffan, 1992; Kroll, Knight, Metcalfe, Wolf, & Tulving, 1996) have suggested that one function of the hippocampus is to encode information about the structural relationship between the components of an object. It is possible that the sham-BW group in the kite-shaped arena eventually swam directly to the correct corner on nearly every trial because it was able to identify this corner by the spatial relationship between the black and white walls that created it. If the proposal of Aggleton and Pearce is correct, then lesions to the hippocampus should prevent rats from using this sort of structural information. In support of this conclusion, it is noteworthy that after being released into the kite-shaped arena the hippocampal-BW group swam directly to the correct corner less frequently than the sham-BW group (see the lower panels of Figure 7 ).
The idea that the hippocampus is important for retaining information about patterns of local stimulation is by no means novel. Rudy and Sutherland (1995) have proposed that the hippocampus is responsible for enhancing the salience of stimulus conjunctions, and Eichenbaum, Otto, and Cohen (1994) have maintained that this region is responsible for the storage of information about the relations among items. To the extent that these functions result in the storage of information about how the walls of an arena are structured, then these theories could account for the results of the hippocampal-BW group in the same way as the proposals of Aggleton and Pearce (2002) . It is rather more difficult to think of how the results from the hippocampal-W group might be explained by these theories. If our conclusion is correct that the sham-W group found the platform in the rectangular arena by swimming in a particular direction relative to a long wall, then it is not clear from any of these theories why damage to the hippocampus should disrupt this strategy.
The experiments lend support to the claim that animals are able to navigate with reference to the shape of their environment (e.g., Cheng, 1986) . They also indicate that this ability depends on a capacity to navigate with respect to local cues. As further research sheds more light on the nature of these cues and how they are used, not only will it enhance our understanding of how animals navigate, but it should reveal more about the neural mechanisms that subserve navigation.
